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A workshop

• The intensity signal in helioseismology

• Why?

• What is it?

• What information does it carry?
•--- End -----------------------------------------

•--- Begin ---------------------------------------
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Helioseismology - Theory

• Equations are written 
in displacement, which 
is small.

An 3 mHz oscilla-
tion with amplitude 
of 1 m/s has an dis-
placement amplitude 
of about 50 m.

60 CHAPTER 4. EQUATIONS OF LINEAR STELLAR OSCILLATIONS

4.2 The Oscillation Equations

4.2.1 Separation of variables

The displacement δδδr is separated into radial and horizontal components as

δδδr = ξrar + ξξξh . (4.15)

The horizontal component of the equations of motion, (3.43), is

ρ0
∂2ξξξh

∂t2
= −∇hp

′ − ρ0∇hΦ′ . (4.16)

As the horizontal gradient of equilibrium quantities is zero, the horizontal divergence of
equation (4.16) gives

ρ0
∂2

∂t2
∇h · ξξξh = −∇2

hp
′ − ρ0∇2

hΦ
′ . (4.17)

The equation of continuity, (3.41), can be written as

ρ′ = − 1
r2

∂

∂r
(ρ0r

2ξr) − ρ0∇h · ξξξh . (4.18)

This can be used to eliminate ∇h · ξξξh from equation (4.17), which becomes

− ∂2

∂t2

[
ρ′ +

1
r2

∂

∂r
(r2ρ0ξr)

]
= −∇2

hp
′ − ρ0∇2

hΦ
′ . (4.19)

The radial component of equation (3.43) is

ρ0
∂2ξr

∂t2
= −∂p′

∂r
− ρ′g0 − ρ0

∂Φ′

∂r
. (4.20)

Finally, Poisson’s equation (3.44) may be written as

1
r2

∂

∂r

(
r2 ∂Φ′

∂r

)
+ ∇2

hΦ
′ = 4πGρ′ . (4.21)

It should be noticed that in equations (4.19) – (4.21) derivatives with respect to the
angular variables θ and φ only appear in the combination ∇2

h.
We now have to consider the energy equation (3.47), together with equation (3.48) for

the heat gain. The result clearly depends on the form assumed for the flux F. However, if
the flux can be expressed in terms of a gradient of a scalar, as in the diffusion approximation
[equation (3.22)], the energy equation also only contains derivatives with respect to θ and
φ in ∇2

h.

Exercise 4.1:

Show this.

We may now address the separation of the angular variables. The object is to factor
out the variation of the perturbations with θ and φ as a function f(θ,φ). From the form
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velocity signal
Frequency analysis

Inversion results

Helioseismology
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Helioseismology
Why doing it differently?
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❶ Helioseismology
Why doing it differently?

56 W.J. Chaplin, S. Basu

Figure 1 The relative sound-speed difference (left) and density difference (right) between the Sun and a
standard solar model constructed with the GS98 metallicity [model BP04(Garching)], and also a standard
solar model constructed with the AGS05 metallicity [model BS05(AGS, OPAL)] of Bahcall, Basu, and
Serenelli (2005). The model with GS98 Z/X has a CZ He abundance of YCZ = 0.243 and a CZ base at
RCZ = 0.715 r/R! . The AGS05 model has YCZ = 0.230 and RCZ = 0.729 r/R! .

based on what they claim are better calculations with improved models of the solar pho-
tosphere. This led Asplund, Grevesse, and Sauval (2005; henceforth AGS05) to compile a
table of solar abundances, with Z/X = 0.0166 (i.e., Z = 0.0122). This has resulted in con-
siderable discussion in the community since the sound-speed and density profiles of models
constructed with AGS05 do not agree well with the Sun. This disagreement can be seen
in Figure 1, where we show the density and sound-speed differences between the Sun and
two solar models, one constructed with the GS98 abundances and the other with the AGS05
abundances.

The mismatch between the models with low Z and the Sun is most striking in the
outer parts of the radiative interior, a result of the fact that the low-Z models have a
much shallower convection zone than the Sun. There are, however, differences in other
regions too: All standard models with AGS05 abundances have low helium abundance
in the convection zone (e.g., Montalbán et al., 2004; Guzik, Watson, and Cox, 2005;
Bahcall, Basu, and Serenelli, 2005); the seismic signatures of the ionization zones do not
match observations (Lin, Antia, and Basu, 2007); and the helioseismic signatures from the
core do not match observations either (Basu et al., 2007).

There have been several attempts to reconcile low-Z solar models with helioseismic data.
Given that the largest discrepancy is at the base of the convection zone, the first attempts
involved modifying the input opacities. It was found that large changes in opacity, in the
range 11% to 21%, would be needed at temperatures relevant to the base of the convection
zone to resolve the problem (Montalbán et al., 2004; Basu and Antia, 2004; Bahcall et al.,
2005). However, later recalculation of the opacities by the OP group (Badnell et al., 2005)
showed an opacity increase of only 2%. Other attempts included increasing the diffusion
coefficient (e.g., Montalbán et al., 2004; Basu and Antia, 2004; Guzik, Watson, and Cox,
2005). A large change was needed to get the correct position of the convection-zone base,
which resulted in an extremely low convection-zone helium abundance. Attempts were also
made to increase the metallicity of the models by increasing the abundance of uncertain
elements such as neon, which does not have any photospheric lines (Antia and Basu, 2005;
Bahcall et al., 2005). However it is not clear whether such an increase is justified in the case
of the Sun (Schmelz et al., 2005; Young, 2005). Other attempts involve ad hoc prescriptions
of mixing at the tachocline (Turck-Chieze et al., 2004b; Montalbán et al., 2006) or mixing
by gravity waves (Young and Arnett, 2005). Late accretion of low-Z material by the zone
has been tried as well (Guzik, Watson, and Cox, 2005; Castro, Vauclair, and Richard, 2007).

• Since we have done 
that for decades, 
what remains is...

• Challenge of proposed abundance revision
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siderable discussion in the community since the sound-speed and density profiles of models
constructed with AGS05 do not agree well with the Sun. This disagreement can be seen
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two solar models, one constructed with the GS98 abundances and the other with the AGS05
abundances.
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much shallower convection zone than the Sun. There are, however, differences in other
regions too: All standard models with AGS05 abundances have low helium abundance
in the convection zone (e.g., Montalbán et al., 2004; Guzik, Watson, and Cox, 2005;
Bahcall, Basu, and Serenelli, 2005); the seismic signatures of the ionization zones do not
match observations (Lin, Antia, and Basu, 2007); and the helioseismic signatures from the
core do not match observations either (Basu et al., 2007).

There have been several attempts to reconcile low-Z solar models with helioseismic data.
Given that the largest discrepancy is at the base of the convection zone, the first attempts
involved modifying the input opacities. It was found that large changes in opacity, in the
range 11% to 21%, would be needed at temperatures relevant to the base of the convection
zone to resolve the problem (Montalbán et al., 2004; Basu and Antia, 2004; Bahcall et al.,
2005). However, later recalculation of the opacities by the OP group (Badnell et al., 2005)
showed an opacity increase of only 2%. Other attempts included increasing the diffusion
coefficient (e.g., Montalbán et al., 2004; Basu and Antia, 2004; Guzik, Watson, and Cox,
2005). A large change was needed to get the correct position of the convection-zone base,
which resulted in an extremely low convection-zone helium abundance. Attempts were also
made to increase the metallicity of the models by increasing the abundance of uncertain
elements such as neon, which does not have any photospheric lines (Antia and Basu, 2005;
Bahcall et al., 2005). However it is not clear whether such an increase is justified in the case
of the Sun (Schmelz et al., 2005; Young, 2005). Other attempts involve ad hoc prescriptions
of mixing at the tachocline (Turck-Chieze et al., 2004b; Montalbán et al., 2006) or mixing
by gravity waves (Young and Arnett, 2005). Late accretion of low-Z material by the zone
has been tried as well (Guzik, Watson, and Cox, 2005; Castro, Vauclair, and Richard, 2007).

Sound speed beneath sunspot

Sunspot data from MDI High Resolution, 18 June 1998

• Since we have done 
that for decades, 
what remains is...

• Challenge of proposed abundance revision

• Local helioseismology

• ...
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elements such as neon, which does not have any photospheric lines (Antia and Basu, 2005;
Bahcall et al., 2005). However it is not clear whether such an increase is justified in the case
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Sound speed beneath sunspot

Sunspot data from MDI High Resolution, 18 June 1998

• Since we have done 
that for decades, 
what remains is...

• Challenge of proposed abundance revision

• Local helioseismology

• ...

• Astroseismology
not only velocity, details of Solar case important!
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❷ Helioseismology
Why doing it differently?

Inversion results• Because we know our limits 
since a decade...

๏ Solar nucleus

๏Tachocline region

๏ Surface terms

๏ Sources of oscillations 

๏ Atmospheric Seismology
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❸ Helioseismology
Why doing it differently?
• Because it is different...

• line aymmetries
(Duvall et al. 1993;...)

⇒new  information  to 
be unveiled...
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Straus et al. (1999)
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Velocity - Intensity: the Differences

• Background
frequency dependance, 
variation center-limb

• relative oscillation amplitude
is it only the relative amplitude?
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FIG. 1.ÈSolar background in temporal power spectra : (a) Observed power and components of the Harvey model for the spherical harmonic degree
l B 500 determined in velocity (left panel ) and line intensity oscillations (right panel ). (b) Observed power of the velocity (left panel ) and brightness oscillations
in the continuum and line intensity (right panel ) as a function of l. The approximate l-values are given on the right side (the resolution of our data corresponds
to *l B 15). The diagonal lines mark the approximate frequency of the f-mode as a function of l. The solid lines in the left panel represent the background Ðts
obtained with the Harvey model. The lighter lines, which mark each component of the Ðts, have been truncated for easier reading of the Ðgure. The total
velocity Ðts have been copied into the right panel (dashed lines) using an unique scaling factor, in order to demonstrate the di†erences of the solar background
observed in velocity and brightness oscillation. While at the highest spherical harmonic degrees the power spectra of velocity and continuum match quite
well, at lower l-values the background beneath the p-modes is ““ Ðlled up ÏÏ more and more by the plain component (see text for a detailed discussion).

mode that has been attributed to internal gravity waves in
the atmosphere (Deubner et al. 1992 ; Straus & Bonaccini
1997) ; (4) a nearly zero I[V phase regime dominated by
the slow convective motions ; this regime is limited to

spatial wavenumbers less than 5.5 Mm~1. Two other
regimes (labeled ““ 5 ÏÏ and ““ 6 ÏÏ in Fig. 3), which show anti-
correlation between V and I and merit further attention,
have been attributed to the magnetic network dynamics
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FIG. 4.ÈDetailed example of observed power (upper panel ), phase and
coherence (lower panel ) as a function of frequency at l B 300.

ponent. However, the line and continuum intensity power
spectra cannot be adequately described by this three-
component model. Here another periodic component
(““ plain component ÏÏ) dominates the background beneath
the p-modes where the plateau regime with negative I[V

phase emerges below and in between the ridges. Further, a
second periodic component with a period of 3 minutes is
present chieÑy in the line intensity.

The general appearance of the I[V phase diagrams mea-
sured from ground is conÐrmed by the MDI data, thus
negating concerns over phase distortion by e†ects of the
EarthÏs atmosphere. We conclude, that the solar back-
ground beneath the p-modes must be considered coherent.
Any correlated background has necessarily to be coherent,
as the p-mode oscillations themselves show a coherent I[V
phase. A correlated background has recently been discussed
(Roxburgh & Vorontsov 1997 ; Nigam et al. 1998) as a pos-
sible solution to the puzzle of the opposite p-mode line
proÐle asymmetries found in velocity and intensity (Duvall
et al. 1993 ; Abrams & Kumar 1996 ; Gabriel 1998 ; Rast &
Bogdan 1998). The background is particularly signiÐcant in
intensity where it exceeds the amplitude of the low-
frequency f- and p-modes. Models for the p-mode asym-
metries need to account for the I[V phase behavior in the
transition between modes and background. A correlated
background is probably responsible for the observed I[V
phase below 90¡ of the low-frequency p-modes. Further-
more, the bend of the ridges observed above the acoustic
cuto† frequency might be discussed in the context of a solar
background. The latter e†ect is strongest in the continuum
intensity, which leads to a frequency shift between high-
frequency pseudo modes in velocity and continuum inten-
sity (Nigam et al. 1998).

Under these circumstances, the nature of the plain com-
ponent is of great interest, and the exact deÐnition of the
background level beneath the p-modes is paramount to a
series of problems in helioseismology.

We gratefully acknowledge the discussions with Ciro
Marmolino and his helpful comments on a previous version
of this paper. SOHO is a project of international coopera-
tion between ESA and NASA. This work has been partially
funded by ASI contract ASI ARS 96-146. Writing of this
work has been greatly facilitated by the use of NASAÏs
Astrophysics Data System Abstract Service.
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background level beneath the p-modes is paramount to a
series of problems in helioseismology.
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Velocity - Intensity: the Differences II

• Velocity signal
• Background limb-dominated (supergranulation)
• Oscillation signal center-dominated (geometrical effect)

• Intensity signal
Oscillation amplitude growing at limb

velocity signal

Astron. Nachr. / AN (2008) 509

Fig. 1 This figure from Toner et al. (1999) shows the integrated
p-mode power as a function of the center to limb distance by ana-
lyzing 72 hours of MDI full disk continuum intensity images ob-
tained in July 1996. The two vertical lines show the area that will
be observed every 2 min with a resolution of 22 pixels of 1′′/pixel
resolution over rings centered on the limb inflexion point.

vatory (SoHO) instruments both on the Luminosity Oscilla-
tions Imager (LOI) guiding pixels (Appourchaux & Toutain
1998) and the intensity images of the Michelson Doppler
Imager (MDI) (Toner, Jefferies & Toutain 1999, see also
Fig. 1) where an amplification factor between 2 and 5 was
seen on the amplitude of the modes when using the limb sig-
nal rather than full disk. The amount of available high rate
data in continuum intensity with MDI is however very lim-
ited (only one campaign in 1997 has covered continuously
more than one month). Furthermore the instrument was not
designed to observe at the limb and the limb pixels are there-
fore not included in most analysis which led Toner et al.
(1999) to say that ‘the region of the solar disk that has the
highest p-mode signal is often discarded!’. Therefore, with
PICARD, we want to use the fact that the instrument is de-
signed to observe the limb at a resolution twice that of MDI
(1′′/pixel against 2′′/pixel) to take advantage of the ampli-
fication factor and search for g modes and low frequency p
modes.

Second, while it has been demonstrated that the signal
to noise ratio in the p-mode frequency domain is gener-
ally better in velocity than intensity both measurements are
complementary and should be used together whenever pos-
sible. The profiles of oscillation mode in the power spec-
tra have been found to be asymmetric rather than of simple
Lorentzian shape and the asymmetry is reversed between
intensity and velocity signals. The asymmetry itself can be
related to the nature or depth of the acoustic sources (e.g.
Duvall et al. 1993) while the asymmetry reversal is linked
to the effect of a background component correlated to the
modes (e.g. Nigam et al. 1998). By fitting intensity, veloc-
ity, their phase difference and coherence signals simultane-
ously, we are therefore able to better understand the corre-

lated background noise and to better interpret the fitted fre-
quencies and frequency splittings, which in turn should lead
us to more reliable estimates of the internal dynamics and
structure (Severino et al. 2001; Barban et al. 2004). Like for
MDI however, the telemetry limits the amount of data we
can transmit continuously at the 1 min cadence needed for
studying p modes and we will have to degrade our images
and build the so-called Macro-Pixel (MP) images .

These two aspects of the observing program of PICARD
together with the radiometric and metrologic measurements
will allow us to address several fundamental issues in solar
physics, which are summarized below.

2.1 Structure and dynamics of the nuclear core

The structure and dynamics of the nuclear core are not yet
determined by the techniques of helioseismology. The infor-
mation provided by the p modes on that region of the Sun
is not as precise and as significant as it would be with the g
modes. Since the beginning of helioseismology, the detec-
tion of g modes has been the most challenging quest in our
field. There were claims of g-mode detection (Delache &
Scherrer 1983; Thomson, Maclennan & Lanzerotti 1995),
none of which were confirmed. Since the conception of the
SoHO mission, one of the goals of this mission was to de-
tect g modes. The Phoebus group set an upper limit to the
g-mode amplitude of 10 mm/s in velocity or 0.5 ppm in in-
tensity at 200 µHz (Appourchaux et al. 2000). Since then,
this lower limit has been even decreased down to about 4.5
mm/s for a 10-year observation with a singlet, and down to
1.5 mm/s for a multiplet (Elsworth et al. 2006). Recent g-
mode detection claims rely upon a new detection technique
derived from the asymptotic properties of g-mode periods
derived from theoretical models (Garcı́a et al. 2007). They
reported patterns of l = 1 g modes with a possible ampli-
tude of 2–3 mm/s (10 σ value) below 100 µHz, and having
a lifetime of a few months. The detection of a frequency at
220.7 µHz was also reported by Antonio Jiménez (private
communication; see also Garcı́a et al. 2008).

The required data to progress in this field are measure-
ments of the frequencies of the gravity and mixed modes
and their splittings. Because they have very low ampli-
tudes at the surface, detection techniques will use all the
a-priori information available on these modes (see Ap-
pourchaux 2008, on how to use a Bayesian approach for
detecting g modes). Their detection therefore relies also
on a deep understanding of their excitation and damping
mechanisms, the properties of the atmospheric layers where
we try to detect them, the solar noise (granulation and
super-granulation) and of all the other contamination effects
which may affect the mode propagation and visibility such
as the surface magnetic structures and their evolution with
activity.

www.an-journal.org c© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

intensity signal

Toner et al. (1999)
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Velocity - Intensity:  The Full Information

• Velocity has better 
S/N.

• Velocity and inten-
sity have opposite 
asymmetry.

• I-V phase has shark-
fin shape (~180°).

• Coherence has two asymmetric dips.

Oliviero et al. (1999)
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Mode profiles: Explanation

• Mode

• Noise

• Correlated background
e.g. excitation source, direct wave.

• Uncorrelated, coherent background

Figure 2. Components of the simple model (Magr ı̀ et al. 2000) to explain the asymmetry of p–mode profiles in power
and coherence. Panel a: the p–mode signal and the correlated background in intensity (upper panel) with the phase lag
between them (bottom panel); panel b: the correlated and uncoherent parts of the intensity signal; panel c: as a) for
velocity; panel d: as b) for velocity. The single components are: 1) total; 2) total coherent; 3) uncoherent; 4) correlated
background; 5) p–mode signals. Whereas the asymmetry in the power spectra is due to the asymmetry of the correlated
part of the signal, the two asymmetric dips in the coherence profile (see Fig. 3) are due to the variation of the fraction of
the correlated part of the total signal with frequency (see text).

b)a)

Figure 3. Qualitative comparison of the coherence and phase profiles from the model (panel a) and observations with
GONG (panel b: courtesy Oliviero et al. 1999; the phase difference and the coherence are displayed by the points
in the left and right panel, respectively, the grey lines represent the and power spectra). The model is only a simple
example, see Magrı̀ et al. (these proceedings) for a quantitative fit. The dip on the low-frequency side in the coherence
profile is caused by the destructive interference of the correlated background and the p–mode signal in intensity, whereas
the high–frequency dip comes through the same effect in the velocity, as explained in Figure 2.
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Mode profiles: Explanation
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Mode profiles: Limits

It is not (yet?) possible to distinguish 
different contributions to the asymmetry as 
they all behave identically:

• “Natural asymmetry” (e.g. excitation mechanism)

• Source depth (Kumar & Basu, 1999)

• Correlated background (e.g. direct wave)

• Opacity effects in intensity signal (Georgobiani et 
al., 2003)



Thomas Straus, INAF/OAC Napoli Picard Workshop, Nice, December 3-4, 2008

What is the Intensity Signal?
60 CHAPTER 4. EQUATIONS OF LINEAR STELLAR OSCILLATIONS

4.2 The Oscillation Equations

4.2.1 Separation of variables

The displacement δδδr is separated into radial and horizontal components as

δδδr = ξrar + ξξξh . (4.15)

The horizontal component of the equations of motion, (3.43), is

ρ0
∂2ξξξh

∂t2
= −∇hp

′ − ρ0∇hΦ′ . (4.16)

As the horizontal gradient of equilibrium quantities is zero, the horizontal divergence of
equation (4.16) gives

ρ0
∂2

∂t2
∇h · ξξξh = −∇2

hp
′ − ρ0∇2

hΦ
′ . (4.17)

The equation of continuity, (3.41), can be written as

ρ′ = − 1
r2

∂

∂r
(ρ0r

2ξr) − ρ0∇h · ξξξh . (4.18)

This can be used to eliminate ∇h · ξξξh from equation (4.17), which becomes

− ∂2

∂t2

[
ρ′ +

1
r2

∂

∂r
(r2ρ0ξr)

]
= −∇2

hp
′ − ρ0∇2

hΦ
′ . (4.19)

The radial component of equation (3.43) is

ρ0
∂2ξr

∂t2
= −∂p′

∂r
− ρ′g0 − ρ0

∂Φ′

∂r
. (4.20)

Finally, Poisson’s equation (3.44) may be written as

1
r2

∂

∂r

(
r2 ∂Φ′

∂r

)
+ ∇2

hΦ
′ = 4πGρ′ . (4.21)

It should be noticed that in equations (4.19) – (4.21) derivatives with respect to the
angular variables θ and φ only appear in the combination ∇2

h.
We now have to consider the energy equation (3.47), together with equation (3.48) for

the heat gain. The result clearly depends on the form assumed for the flux F. However, if
the flux can be expressed in terms of a gradient of a scalar, as in the diffusion approximation
[equation (3.22)], the energy equation also only contains derivatives with respect to θ and
φ in ∇2

h.

Exercise 4.1:

Show this.

We may now address the separation of the angular variables. The object is to factor
out the variation of the perturbations with θ and φ as a function f(θ,φ). From the form

• “I ~ T4”

• Equations are written 
i n E u l e r i a n ( o r 
Lagrangian) space.
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What is the Intensity Signal?
60 CHAPTER 4. EQUATIONS OF LINEAR STELLAR OSCILLATIONS

4.2 The Oscillation Equations

4.2.1 Separation of variables

The displacement δδδr is separated into radial and horizontal components as

δδδr = ξrar + ξξξh . (4.15)

The horizontal component of the equations of motion, (3.43), is

ρ0
∂2ξξξh

∂t2
= −∇hp

′ − ρ0∇hΦ′ . (4.16)

As the horizontal gradient of equilibrium quantities is zero, the horizontal divergence of
equation (4.16) gives

ρ0
∂2

∂t2
∇h · ξξξh = −∇2

hp
′ − ρ0∇2

hΦ
′ . (4.17)

The equation of continuity, (3.41), can be written as

ρ′ = − 1
r2

∂

∂r
(ρ0r

2ξr) − ρ0∇h · ξξξh . (4.18)

This can be used to eliminate ∇h · ξξξh from equation (4.17), which becomes

− ∂2

∂t2

[
ρ′ +

1
r2

∂

∂r
(r2ρ0ξr)

]
= −∇2

hp
′ − ρ0∇2

hΦ
′ . (4.19)

The radial component of equation (3.43) is

ρ0
∂2ξr

∂t2
= −∂p′

∂r
− ρ′g0 − ρ0

∂Φ′

∂r
. (4.20)

Finally, Poisson’s equation (3.44) may be written as

1
r2

∂

∂r

(
r2 ∂Φ′

∂r

)
+ ∇2

hΦ
′ = 4πGρ′ . (4.21)

It should be noticed that in equations (4.19) – (4.21) derivatives with respect to the
angular variables θ and φ only appear in the combination ∇2

h.
We now have to consider the energy equation (3.47), together with equation (3.48) for

the heat gain. The result clearly depends on the form assumed for the flux F. However, if
the flux can be expressed in terms of a gradient of a scalar, as in the diffusion approximation
[equation (3.22)], the energy equation also only contains derivatives with respect to θ and
φ in ∇2

h.

Exercise 4.1:

Show this.

We may now address the separation of the angular variables. The object is to factor
out the variation of the perturbations with θ and φ as a function f(θ,φ). From the form

1
9
9
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A
&
A
.
.
.
2
4
2
.
.
2
7
1
M

• “I ~ T4”

• Equations are written 
i n E u l e r i a n ( o r 
Lagrangian) space.

• Rather simple polari-
zation relations in an 
isothermal atmosphe-
re.
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What is the Intensity Signal?
60 CHAPTER 4. EQUATIONS OF LINEAR STELLAR OSCILLATIONS

4.2 The Oscillation Equations

4.2.1 Separation of variables

The displacement δδδr is separated into radial and horizontal components as

δδδr = ξrar + ξξξh . (4.15)

The horizontal component of the equations of motion, (3.43), is

ρ0
∂2ξξξh

∂t2
= −∇hp

′ − ρ0∇hΦ′ . (4.16)

As the horizontal gradient of equilibrium quantities is zero, the horizontal divergence of
equation (4.16) gives

ρ0
∂2

∂t2
∇h · ξξξh = −∇2

hp
′ − ρ0∇2

hΦ
′ . (4.17)

The equation of continuity, (3.41), can be written as

ρ′ = − 1
r2

∂

∂r
(ρ0r

2ξr) − ρ0∇h · ξξξh . (4.18)

This can be used to eliminate ∇h · ξξξh from equation (4.17), which becomes

− ∂2

∂t2

[
ρ′ +

1
r2

∂

∂r
(r2ρ0ξr)

]
= −∇2

hp
′ − ρ0∇2

hΦ
′ . (4.19)

The radial component of equation (3.43) is

ρ0
∂2ξr

∂t2
= −∂p′

∂r
− ρ′g0 − ρ0

∂Φ′

∂r
. (4.20)

Finally, Poisson’s equation (3.44) may be written as

1
r2

∂

∂r

(
r2 ∂Φ′

∂r

)
+ ∇2

hΦ
′ = 4πGρ′ . (4.21)

It should be noticed that in equations (4.19) – (4.21) derivatives with respect to the
angular variables θ and φ only appear in the combination ∇2

h.
We now have to consider the energy equation (3.47), together with equation (3.48) for

the heat gain. The result clearly depends on the form assumed for the flux F. However, if
the flux can be expressed in terms of a gradient of a scalar, as in the diffusion approximation
[equation (3.22)], the energy equation also only contains derivatives with respect to θ and
φ in ∇2

h.

Exercise 4.1:

Show this.

We may now address the separation of the angular variables. The object is to factor
out the variation of the perturbations with θ and φ as a function f(θ,φ). From the form
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Oliviero et al. (1999) • “I ~ T4”

• Equations are written 
i n E u l e r i a n ( o r 
Lagrangian) space.

• Rather simple polari-
zation relations in an 
isothermal atmosphe-
re.

⚡Complex structure of 
phase spectra.

 



ṽ = 1m s−1, ν = 3mHz
ξ̃r = 50m

T ′
z=const.

∝ T ′
wave + ∂T

∂z ξr

• Gradient-effect...

• ...dominates in the z-frame (=Eulerian 
frame) due to huge temperature gradient.

• In the z- frame we “obser ve” the 
displacement, not the wave fluctuation.

Thomas Straus, INAF/OAC Napoli Picard Workshop, Nice, December 3-4, 2008

Intensity in Realistic Atmosphere

︸ ︷︷ ︸

∼10−3K

✗
︸ ︷︷ ︸

∼1 K
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The z-frame
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The intensity signal
∆I ∝ T ′

τ=1

Eddington-Barbier 
approximation
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The τ-frame
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The τ-frame
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The τ-frame



Thomas Straus, INAF/OAC Napoli Picard Workshop, Nice, December 3-4, 2008

The τ-frame
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The τ-frame
• The opacity effect 

reduces the gradient 
effect.

• The opacity effect can 
reverse the asymme-
try.

• The s imu l t aneous 
study of z- and τ-
frame in the simulation 
can help to distinguish 
various asymmetry 
contributions.

Velocity and Intensity Power and Cross Spectra in Numerical 555

with kcm,1 constant. This result, combined with Equation (20), gives

!k(h) = k(h)

[
5.76

!T

T
(h) + 1.74

!P

P
(h)

]
. (24)

The continuum opacity fluctuation !k is, then, in phase with the T and P fluctuations.
!T is, in turn, in phase with !P when it is dominated by the T -gradient effect, which
scales with the wave vertical displacement δz (Equation (9)). Therefore, according to Equa-
tion (19), the height fluctuation in the τ -frame, !h, follows the wave vertical displacement
δz, and this opacity effect tends to reduce the T -gradient effect.

In the simple case that !T
T

and !P
P

are constant with h, we can derive an explicit, approx-
imated expression for the observed height fluctuation:

!h ≈
(

5.76
!T

T
+ 1.74

!P

P

)
1

k1(h1)
. (25)

Finally, we are in a position to write the expressions linking the fluctuations in the
z-frame with those in the τ -frame. Since we neglected the spatial phase change introduced in
all perturbations by the height fluctuation occurring in the τ -frame (see Equation (16) and
discussion), we conclude that the vertical velocity fluctuation is the same in both frames.
Furthermore, the temperature fluctuation in the z-frame is due to the sum of an isothermal
wave contribution and the T -gradient effect (Equations (8) and (9)), whereas in the τ -frame
the opacity effect is also at work, producing an additional contribution to the temperature
fluctuation, which is given to first order by the atmospheric temperature gradient times a
height variation expressed, for example, by Equation (25). Therefore we can write the fol-
lowing relations:

V ′
z (τ = constant) = V ′

z (z = constant),

T ′(z = constant) = T ′
iso(z = constant) − δz

dT0

dz
(26)

= T ′
iso(z = constant) − V ′

z (z = constant)
ιω

dT0

dz
,

T ′(τ = constant) = T ′
iso(z = constant) − (δz − !h)

dT0

dz
.

4. Results

In this section we use Equation (26) as a basis to model the temperature signal in both the
z- and τ -frames. The results of this model are then compared with the helioseismic spectra
computed by Straus, Severino, and Steffen (2006) from their numerical simulation of solar
surface convection.

4.1. The Numerical Simulation

The helioseismic spectra in the z- and τ -frames computed by Straus, Severino, and Stef-
fen (2006) are based on a 3D, time-dependent radiation-hydrodynamics simulation of the
solar granulation, including a detailed treatment of radiative transfer and a realistic equa-
tion of state accounting for partial ionization. Designed to represent the solar surface layers
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The τ-frame
• The opacity effect 

reduces the gradient 
effect.

• The opacity effect can 
reverse the asymme-
try.

• The s imu l t aneous 
study of z- and τ-
frame in the simulation 
can help to distinguish 
various asymmetry 
contributions.
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with kcm,1 constant. This result, combined with Equation (20), gives

!k(h) = k(h)

[
5.76

!T

T
(h) + 1.74

!P

P
(h)

]
. (24)

The continuum opacity fluctuation !k is, then, in phase with the T and P fluctuations.
!T is, in turn, in phase with !P when it is dominated by the T -gradient effect, which
scales with the wave vertical displacement δz (Equation (9)). Therefore, according to Equa-
tion (19), the height fluctuation in the τ -frame, !h, follows the wave vertical displacement
δz, and this opacity effect tends to reduce the T -gradient effect.

In the simple case that !T
T

and !P
P

are constant with h, we can derive an explicit, approx-
imated expression for the observed height fluctuation:

!h ≈
(

5.76
!T

T
+ 1.74

!P

P

)
1

k1(h1)
. (25)

Finally, we are in a position to write the expressions linking the fluctuations in the
z-frame with those in the τ -frame. Since we neglected the spatial phase change introduced in
all perturbations by the height fluctuation occurring in the τ -frame (see Equation (16) and
discussion), we conclude that the vertical velocity fluctuation is the same in both frames.
Furthermore, the temperature fluctuation in the z-frame is due to the sum of an isothermal
wave contribution and the T -gradient effect (Equations (8) and (9)), whereas in the τ -frame
the opacity effect is also at work, producing an additional contribution to the temperature
fluctuation, which is given to first order by the atmospheric temperature gradient times a
height variation expressed, for example, by Equation (25). Therefore we can write the fol-
lowing relations:

V ′
z (τ = constant) = V ′

z (z = constant),

T ′(z = constant) = T ′
iso(z = constant) − δz

dT0

dz
(26)

= T ′
iso(z = constant) − V ′

z (z = constant)
ιω

dT0

dz
,

T ′(τ = constant) = T ′
iso(z = constant) − (δz − !h)

dT0

dz
.

4. Results

In this section we use Equation (26) as a basis to model the temperature signal in both the
z- and τ -frames. The results of this model are then compared with the helioseismic spectra
computed by Straus, Severino, and Steffen (2006) from their numerical simulation of solar
surface convection.

4.1. The Numerical Simulation

The helioseismic spectra in the z- and τ -frames computed by Straus, Severino, and Stef-
fen (2006) are based on a 3D, time-dependent radiation-hydrodynamics simulation of the
solar granulation, including a detailed treatment of radiative transfer and a realistic equa-
tion of state accounting for partial ionization. Designed to represent the solar surface layers

560 G. Severino et al.

Figure 3 Comparison of simulated and modeled spectra in the τ -frame. Panels represent, from top left to

lower right, V power in (m s− 1)2, T power (dimensionless power of relative fluctuations), T − V coherence
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Gradient Effect and 
Opacity Effect at the Limb
• The opacity effect is largely reduced at the 

limb as we observe the vertical oscillation 
from the side.

• The gradient effect is again dominating and 
is caused by an unresolvable displacement 
perpendicular to the limb.

⇒Oscillation power grows towards the 
limb.
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• Acoustic flux is insuf-
ficient.

• Internal gravity waves 
are the only important 
mechanism to the 
energy balance of the 
quiet, middle photos-
phere.

• At 300 km and above 
they carry completely 
the low-frequency 
energy-flux, i.e. no 
convection anymore.

• They carry 20 and 
more times the acous-
tic flux.

Straus et al.  (2008) ApJ 681, L125

Hinode
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